act as an enzyme in the Pb2+-dependent cleavage of an ILNA phosphoester. This is a facile reaction, with an uncatalyzed rate for a typical P,.NA phosphoester of 10 -4 nfin -I in the presence of I mM Pb(OAc)2 at pH 7.0 and 23°C.The Mg2+-dependent reaction is more difficult, with an uncatalyzed rate of~10 -7 rain -_ under comparable conditions. Mg2+-dependent cleavage has special relevance to biology because it is compatible with intracellular conditions. Using in ,itro selection, we sought to develop a family of phosphoester-cleaving DNA enzymes that operate in the presence of various divalent metals, focusing particularly on the Mg2+-dependent reaction.
Results:
We generated a population of >/ aShows % of population cleaved when 10nM precursor was incubated for 1 h with 1 mM metal ion. Conditions as for Fig. 1c . 
Sequence and predicted secondary structure of the most active catalyst isolated from the Mg2+-dependent lineage after six rounds of selective amplification. Underlined sequences correspond to the engineered substrate-binding domains included in the original pool design (Fig.  la) . Conserved residues are shown in green. Boxed hairpin depicts the optimized structure of a representative clone obtained after reselection. (b) Sequence alignment of individuals isolated after randomization of the most active Mg2+-dependent clone and seven additional rounds of selective amplification.
The sequence of each clone matches the prototype sequence except where noted. The arrowhead identifies the clone shown in the inset in (a). One of the optimized DNA catalysts isolated from the reselected pool (Fig. 2a, inset At low concentrations, NaC1 inhibits the rate of catalysis, but the rate increases linearly with increasing concentrations of NaC1 above 0.1M (Fig. 3a) . This inhibitory effect is not detected when 10 mM Mg 2+ is used. A plot of activity versus Mg 2+ concentration reveals a K M for Mg 2+ of 10mM, with a maximum catalytic rate of 0.08 rain -1 reached at saturation (Fig. 3b) . 
DNA

Materials and methods
Oligonucleotides and oligonucleotide analogs Synthetic DNAs and DNA analogs were purchased from Operon Technologies. Primer 3a, [5'-32p]-GGGACGAATT -CTAATACGACTCACTATrA-3', was prepared by 5'-labeling primer 3 using [_/-32p]ATP and T4 polynucleotide kinase. $1 was prepared as described previously [4] and $2 was purchased from Oligos Etc.
DNA pool preparation and in vitro selection
The starting pool of DNA was generated by extending 150 pmoles of primer 3b, 5'-biotin-GGGACGAATTCTAATACGACTCACTATrA-3', in the presence of an equal amount of template, 5'-GTGCCAAGCTTACCGTCAC-N40-GAGATGTCGCCATCTCTTCCTATAG GAGTCGT-ATTAG-Y (N indicates equal representation of G, A, T and C), in a 300-I.tl reaction mixture containing 0.2U p.1-I Taq DNA polymerase, 1.5 mM MgCl 2, 50 mM KCI, 10 m/V1Tris-HC1 (pH8.3 at 23°C), 0.01% gelatin and 0.2ram of each dNTP, for 1rain at 92°C, 1rain at 50°C and 10min at 72°C.The extended DNA was recovered [4] , resuspended in buffer A (1M NaC1, 50ram HEPES (pH7.0), 0.02mM EDTA) and immobilized by passing the solution through three successive streptavidin affinity columns. The columns were washed with five 100-1_1 volumes of buffer A and five 100-D1 volumes of 0.2 N NaOH, equilibrated with buffer A, eluted over the course of lh with three 20-1a,1 aliquots of buffer B (1M NaC1, 50ram HEPES (pH 7.0)) with added 1 mM MgC12 and again washed with five 100-1_1 volumes of buffer A.The process was repeated, successively replacing the MgC12 with 1 mM MnCI 2, ZnCI 2 and Pb(OAc) 2, thereby creating four separate DNA lineages. DNA was recovered from each eluate by precipitation with ethanol following addition of 20 pmoles each of primer 1, 5'-GTGCCAAGCT-TACCG-3', and primer 2, 5"-CTGCAGAATTCTAATAC-GACTCACTATAGGAAGAGATGGCGAC-3'.
Each of the four recovered populations of DNA was amplified separately by PCK in a 100-1_1 volume over 25 temperature cycles [4] . 101xl of the resulting mixture was used to initiate a 100-1xl nested PCR containing 50pmoles each of primer 1 and primer 3b, which was amplified over six temperature cycles. Selective amplification was carried out for five successive rounds with Mn 2+ and Pb 2+, with reaction times of lh (rounds 1-3), 20min (round 4) and 1 min (round 5), and for six rounds with Mg 2+ and Zn 2+, with reaction times of I h (rounds 1-4), 20 rain (round 5) and 1 rain (round 6). Rounds 1-3 of the reselection involved reaction in buffer B with added lmM MgCl 2 for lh. Rounds 4-7 involved prereacting with buffer B with added I mM Pb(OAc) 2 for 1 hr, followed by reaction with buffer B with added 1 mM MgCI 2 for 1 h (round 4), 20rain (rounds 5 and 6) or 1 min (round 7).
Preparation of precursor DNAs
Precursor molecules, from either a population of DNAs or an individual clone, were prepared with a 5'-32p label by PCR amplification in a 25-1_1 reaction mixture containing 10 pmoles each of primer lb (5'-biotinylated form of primer 1) and primer 3a, 0.5 pmoles input DNA and 0.1 U p.1-I Taq polymerase, which was incubated for either 5 or 20 cycles of I rain at 92°C, 1 rain at 50°C and 1 min at 72 *C under the conditions described above. Precursor DNA prepared by 20 cycles of PCIL amplification consistently showed 4-5-fold lower activity than that prepared by 5 cycles of amplification.
Following PCR., NaC1 was added to a final concentration of 1 M and the entire mixture was passed through a streptavidin column. The column was washed with buffer A and the single-stranded precursor DNA was recovered by elution with 40 I_1of 0.1 N NaOH, neutralized with an excess of sodium acetate (pH5.2), precipitated with ethanol and purified by denaturing polyacrylamide gel electrophoresis. (Vol 7, 1996, 6 issues) Current Opinion m Cell Biology (Vol 8, 1996, 6 issues) Current Opinion m Genetics & Development (Vol 6, 1996, 6 issues) Current Oplmon m Immunology (Vol 8, 1996, 6 issues) Current Opinion In Neurobiology (Vol 6, 1996, 6 issues) Current Opinion ,n Structural Biology (Vol 6, 1996, 6 
